INTRODUCTION
============

The exponential rise of atmospheric greenhouse gas concentrations over the past 30 years has increased the average global temperature by 0.2°C per decade ([@R1]). Most of this extra heat is being absorbed by the world's oceans, particularly by their upper layers ([@R2]), with the mean global sea surface temperature (SST) increasing by approximately 0.4°C since the 1950s ([@R3]). The warming of the oceans drives greater stratification of the water column, thereby reducing mixing in some parts of the ocean, which affects oxygen ([@R4]) and nutrient availability ([@R5]) and, hence, primary production ([@R2], [@R6], [@R7]) and the ecophysiology of water-breathing organisms ([@R8]). The increase in water temperatures is, however, unevenly distributed spatially ([@R9], [@R10]) and, together with increased meltwater and discharged ice from terrestrial glaciers and ice sheets, influences the behavior of ocean currents, which play critical roles in the dynamics, local climates, and biology of the ocean ([@R11], [@R12]). Coincidentally with these environmental changes, industrial fisheries have resulted in the overexploitation and decimation of about 70% of world fish stocks ([@R13]), resulting in changes to fish communities and marine ecosystems since the Second World War ([@R14], [@R15]). Both climatic and human pressures can lead to shifts in the size, structure, spatial range, and seasonal abundance of populations ([@R9], [@R16]--[@R18]), which, in turn, may alter trophic pathways from primary producers to upper-trophic levels, propagating changes throughout ecosystems in both bottom-up and top-down directions ([@R8], [@R18]--[@R20]). Accordingly, climate and fishing impacts should not be treated in isolation from each other when it comes to conservation of marine biodiversity ([@R21]).

Despite the scale of these perturbations, our understanding of how environmental variability---driven by climate change and human activities---affects marine ecosystems has lagged far behind our knowledge of their impacts in terrestrial ecosystems ([@R22]). In part, this is because there is considerable uncertainty regarding the spatial and temporal details of these impacts in marine environments ([@R23], [@R24]). Satellite remote-sensing records have emerged as important tools for studying the most recent (up to three decades) and striking trends and patterns in both environmental (for example, SST or ocean currents) and biological (marine productivity) variables in the world's oceans at unprecedented spatiotemporal resolutions ([@R7], [@R10], [@R25]). Additionally, worldwide fishing records (for example, annual landings) are available from the 1950s onward (see [www.fao.org/fishery/en](http://www.fao.org/fishery/en)), albeit at a poorer spatial resolution \[but see the study by Watson *et al*. ([@R26]) and [www.seaaroundus.org](http://www.seaaroundus.org) for spatial disaggregation of the Food and Agriculture Organization (FAO) fishery data\], providing important information to assist in a global assessment of the major human harvest that affects marine ecosystems ([@R13], [@R15], [@R26]). Analyzed together, these data provide the most detailed insights, to date, into the spatiotemporal distribution of environmental and human stressors threatening marine communities. However, few studies to date have analyzed the data on a fine-enough scale to identify the specific marine areas that, globally, are most at risk from climate change ([@R9], [@R10]) and exploitation from fisheries ([@R26]); none of them have combined these measurements of climate and human impacts with those for species distribution globally to identify hot spots of marine diversity that can be targeted for conservation at the local, regional, and global scale.

By overlaying the most spatially explicit measurements of marine biodiversity available globally with the finest-scale measurements for the cumulative impacts from climate change and the FAO data on fishing pressure, we aimed to identify the areas of highest conservation priority within our planet's marine environment. In particular, (i) we compiled a species-level database recording the global distribution of 2183 marine species to identify hot spots of marine biodiversity; (ii) we derived spatially explicit information on the cumulative impact of climate change by combining more than three decades' worth of information on SST, oceans currents, and marine productivity \[that is, chlorophyll a concentration (CHL)\]; (iii) we evaluated changes in fishing captures over the last 60 years to examine temporal trends in the exploitation of marine resources worldwide. We also identified countries that have contributed the most to fishing pressure at marine hot spots over the last decade, highlighting those fishing outside their Exclusive Economic Zone (EEZ).

RESULTS AND DISCUSSION
======================

Temporal trends for SST, CHL, and ocean currents (table S1) were explored through least-squares linear regressions of annual information on a pixel basis covering the world's oceans (fig. S1). Absolute values for the obtained slopes (a proxy to the magnitude of environmental changes occurring on a pixel basis) were combined to produce a single index of cumulative impacts of equally weighted changes in targeted oceanographic features (hereafter Cumulative Impact Index) with values ranging from 0 (no change) to 1 (maximum change). Overall, our Cumulative Impact Index indisputably reveals the uneven distribution of environmental changes in Earth's oceans, with the most striking changes occurring at the poles and the tropics ([Fig. 1](#F1){ref-type="fig"}). In northern regions, the main changes concern not only the North Sea but also those areas connected by the cold waters of the Labrador Current flowing southward along the eastern coast of Greenland and North America. These changes are largely driven by an increase in SST (fig. S1), likely caused by the increasing temperatures of the northward-flowing Atlantic waters arriving in the Arctic ([@R27]). As expected for warmer waters with increased vertical stratification and lower nutrient supply ([@R7]), we observed a general reduction in CHL values (fig. S1), a trend that may be exacerbated in the polar region by an increased influx of fresh water from melting sea ice ([@R2], [@R28], [@R29]) \[but see the study by McQuatters-Gollop *et al*. ([@R24])\]. Similarly, large areas enclosing coastal waters of the North Pacific Ocean Basin from the Bering Sea to the East China Sea have also recorded large increases in SST with consequent decreases in CHL \[fig. S1; see also the studies by Behrenfeld *et al*. ([@R7]) and Boyce *et al*. ([@R29])\]. Overall, the South Atlantic Ocean Basin has apparently experienced a gradual decline in marine productivity ([@R29]). However, we detect a large degree of spatial variability mainly as a consequence of the high rate of increase in CHL observed for the southeastern and southwestern Atlantic (fig. S1), patterns that might be associated with seafronts prevalent at these areas ([@R7], [@R30]). Spatial heterogeneity is also apparent with regard to changes in SST of this ocean basin. Water temperature has experienced a positive, but marginal, change in temperate regions. Southernmost seawater has become slightly colder, particularly in areas close to Tierra del Fuego and the Antarctic continent ([@R31]). Increasing water temperatures have also been very pronounced around the Australian continent ([@R32]), a trend that is probably driven by changes in the East Australian Current transporting hot water southward from the tropics to mid-latitudes (fig. S1).

![Global distribution of cumulative environmental impacts.\
Index of cumulative impact of equally weighted changes in SST, CHL (a proxy to primary productivity), and ocean currents. Colors represent a dimensionless index of global impact (Cumulative Impact Index) ranging from 0 (no change) to 1 (maximum change), providing a measure of spatial heterogeneity in the magnitude of environmental changes and highlighting those marine areas that have undergone the largest changes in their environmental conditions.](1601198-F1){#F1}

Overall, observed changes in ocean circulation agree with the slowing of the global thermohaline circulation, resulting from the disproportionate heating at Earth's polar regions: This encompasses all ocean basins and likely influences global climate ([@R23]) and marine productivity ([@R7], [@R11], [@R28], [@R33]). Accordingly, with a reorganization of the Atlantic Meridional Overturning Circulation ([@R34]), the substantial decrease in water speed (for both the eastern and northern components) that we detected for the Labrador Current (fig. S1) may contribute to the observed decline in marine productivity in the North Atlantic ([@R28]). Further, we detected a deceleration in the South Atlantic Gyre that affects both sides of the South Atlantic Ocean Basin (that is, the Brazil Current and the Benguela Current) and flows counterclockwise between the 15°S and the 40°S latitudes. The Malvinas Current that flows northward from Cape Horn along the Patagonian coast of Argentina has also decelerated, as has also occurred for the Antarctic Circumpolar Current flowing eastward ca. 40°S throughout the South Atlantic Ocean and the Indian Ocean. In the tropics, there have also been striking changes to ocean circulation, with increasing water speeds for the eastward Equatorial Countercurrent and with reversed trends for the North Equatorial Current and South Equatorial Current flowing westward ca. 10°N and 10°S latitudes, respectively (fig. S1).

Similar to the observed changes in oceanographic features, marine species are heterogeneously distributed ([@R35]--[@R38]). This raises the question: Do environmental stressors affect marine areas of enhanced biodiversity? On the basis of the worldwide distribution (the presence within an area) of 1729 species of fish, 124 marine mammals, and 330 seabirds, we produced a dimensionless index of biodiversity based on the equally weighted distribution of species richness for targeted taxa. This index allowed us to identify six different hot spots of marine biodiversity that concentrate in the Southern Hemisphere and include marine areas in temperate and tropical regions of the Atlantic Ocean, Indian Ocean, and Pacific Ocean ([Fig. 2](#F2){ref-type="fig"}). The westernmost area includes the central-western Pacific waters of Peru and the Galápagos Archipelago. In the southwestern Atlantic Ocean, a marine hot spot occurs in the Patagonian waters of Argentina and Uruguay. The coasts of South Africa, Mozambique, Tanzania, Kenya, and Madagascar were included in a hot spot at the western side of the Indian Ocean. In the central-western Pacific Ocean, a large area including water masses surrounding Indonesia, Malaysia, Philippines, Papua New Guinea, Taiwan, and the south of Japan was grouped into one single hot spot. Waters surrounding New Zealand and Eastern and Southern Australia were considered the fifth hot spot at the southwestern Pacific; the sixth hot spot included marine areas in Oceania and the central Pacific Ocean. Overall, all these areas have experienced environmental perturbations. However, we also detected a large degree of spatial variability in observed environmental impacts at the local scale and the mesoscale ([Fig. 2](#F2){ref-type="fig"} and fig. S1). The most striking changes have occurred in the central-western Pacific and the southwestern Atlantic hot spots as a consequence of significant changes in SST and CHL ([Fig. 2](#F2){ref-type="fig"}). While the first hot spot has largely undergone local to regional increases in both SST and CHL, the latter hot spot has been characterized by a huge decrease in SST over the last three decades ([Fig. 2](#F2){ref-type="fig"} and fig. S1), a phenomenon that may be partially driven by natural modes of climate variability, that is, El Niño/Southern Oscillation ([@R7], [@R39], [@R40]). In general, most of the other hot spots for marine biodiversity have experienced rising trends in SST but remain quite stable in terms of CHL or ocean circulation ([Fig. 2](#F2){ref-type="fig"}).

![Environmental stressors affecting hot spots of marine biodiversity.\
Marine hot spots (top) were identified on the basis of the spatially explicit information on the equally weighted distribution of fish (1729), marine mammal (124), and seabird (330) species. Colors represent a dimensionless index of biodiversity ranging from 0 (absence of species) to 1 (maximum species richness). Hot spots enclose 0.5° pixels with values of biodiversity over the upper 95th percentile. Density plots represent the distribution of environmental changes occurring within marine biodiversity hot spots and the derived Cumulative Impact Index, that is, the number of 1° pixels within each hot spot and with a given value for the estimated magnitudes of each environmental change. In this way, we aimed to highlight the idea that climate impacts may vary locally within defined hot spots as density plots extend over a range of values below and above zero, which denotes no change. Further details on the spatial distribution of these local impacts are provided in fig. S1.](1601198-F2){#F2}

All these environmental stressors likely interact in a number of ways, but little is known about the potential for synergetic or antagonistic interactions that may exacerbate or counteract deleterious effects on marine communities inhabiting these hot spots of marine biodiversity ([@R41]). Marine species may also respond differentially to changes in environmental conditions ([@R42]--[@R44]). Some species may benefit from shifts toward environmental conditions outside the normal range of variability ([@R45]), but in most cases, these environmental changes will prove suboptimal, and this will be made apparent through changes to populations and communities ([@R2]). In particular, there is overwhelming evidence that ocean warming in temperate regions, such as the southwestern Pacific Ocean or the western Indian Ocean, can affect marine species through a reduction in primary productivity ([@R4]--[@R6]) and also through trophic disruptions due to shifts in species distributions ([@R18], [@R46]--[@R48]) and changes in the timing of ecosystem-level processes ([@R17], [@R49], [@R50]). Small changes in water temperature and pH may also result in coral bleaching ([@R51]) and a severe simplification of tropical communities from the central-western Pacific Ocean and Oceania ([@R52], [@R53]). Changes in ocean circulation, which largely control marine patterns of productivity and food availability ([@R54]), may also have important global consequences for biological communities. Climate impacts on marine communities might vary spatially from the local to the regional scale according to the heterogeneous distribution of environmental stressors; thus, we should expect that consequences of changing climatic variables will be species-specific and even site-specific. Fine-scale, spatially explicit measurements on the distribution of environmental stressors, such as those provided in this study, are therefore crucial to effectively depict those local to regional areas of special concern for the conservation of marine biodiversity in the face of climate change.

Industrial fisheries may pose another serious threat for the conservation of species inhabiting marine biodiversity hot spots when those areas overlap with areas of intense human fishing activity ([@R19], [@R55], [@R56]). However, fishery data are available in such poor spatial resolution \[[@R57], but see the study by Watson *et al*. ([@R26])\] that analyses of the overlap of fishing intensity with climate change effects are necessarily limited. FAO fisheries landings are available for the last 60 years, enabling us to at least evaluate trends in the exploitation of marine resources. Although fishing has been practiced for centuries, fishing pressure has intensified in recent decades ([@R15], [@R58]) as a consequence of technical developments in fishing techniques and the demands of a rapidly increasing human population, leading to overexploitation and even collapse of many fish stocks ([@R21]). The world's marine fisheries resources are under enormous pressure, with global fishing effort exceeding optimum and sustainable levels by an estimated factor of 3 to 4 ([@R58]). Observed trends showing annual increases in fishing captures ([Fig. 3](#F3){ref-type="fig"}) suggest that this harvest pressure will continue and further exacerbate pressure on fish stocks well into the future ([@R21], [@R59]).

![Fishing impact on the marine environment.\
Average fishing captures (in metric tons) for the 2000--2013 period are represented per country and MFA (top). Trends in fishing captures (slope of the linear trend for the 1950--2013 period) are also represented per country and MFA (middle). Those countries contributing the most to fishing captures at those MFA that overlap to a large extent with marine biodiversity hot spots are highlighted in dark gray (bottom). All of them have sovereign EEZs overlapping marine hot spots, with the exception of Spain.](1601198-F3){#F3}

Fishing activities are particularly intense at Major Fishing Areas (MFAs, according to their FAO categorization) that overlap with marine biodiversity hot spots ([Fig. 3](#F3){ref-type="fig"}). This is particularly true for the tropical regions of the Indian Ocean and the western Pacific Ocean, where the highest increasing rates in fishing pressure have been recorded at both the regional ([Fig. 3](#F3){ref-type="fig"}) and the local scale ([@R26]; see also [www.seaaroundus.org](http://www.seaaroundus.org)). Although biodiversity conservation is an issue of global concern, fishing policies are most commonly derived from decisions taken at a national level, particularly with regard to those occurring within EEZs ([Fig. 3](#F3){ref-type="fig"}) where bordering sovereign states have special rights regarding the use of marine resources (United Nations Convention on the Law of the Sea, 1982). Fishing pressure differs among countries. China and Peru contribute the most to global captures (ca. 20%) and are likely to continue to do so according to the observed trends in fishing captures ([Fig. 3](#F3){ref-type="fig"}). However, many other countries also contribute substantially to fishing captures within MFAs that overlap with marine hot spots ([Fig. 3](#F3){ref-type="fig"} and fig. S3). We identified 30 different coastal countries that collectively account for 80.5% of fishing captures in the areas of high biodiversity (fig. S2). All of them have sovereign EEZs overlapping marine hot spots, with the exception of Spain, which currently maintains huge distant fishing fleets in both the Indian Ocean and the southwestern Atlantic Ocean (fig. S2). Fishing policies that promote sustainable fishing practices are required if the aggravating effect of fishing intensity on climate change impacts is to be minimized. Although commercial fishery data are limited and our analysis does not take into account the impacts of artisanal and subsistence fisheries (from which data are not available), our results can be used to assess whether and how fishing activities should be managed spatially to minimize their negative impacts on species-rich ecosystems that are also affected by climate change ([@R55], [@R60]).

Uncertainty will always be a factor in research on marine organisms and their open environments. The challenge is to use the available data to produce scientifically sound approaches to identifying issues of marine conservation ([@R61]) given that the data are of variable quality and, in particular, deficient for fisheries \[but see the study by Watson *et al*. ([@R26])\]. Our analyses provide a framework that allows the evaluation of environmental and human impacts on marine communities from local to global scales. Further, this adaptable framework can be continuously updated and enhanced by incorporating additional information on fishing pressure \[for example, finer-scaled data on fishing captures ([@R26])\] and other human stressors ([@R55], [@R62]) or finer-scaled data on oceanographic features whenever these become available. What is clear from our current analyses is that the world's areas of highest marine biodiversity are threatened by the impacts from both global warming and human fishing pressure. Thus, it behooves the international community to find solutions that go beyond the interests and borders of sovereign states if we are to conserve the biodiversity in these marine hot spots, in a similar way to which the world must tackle the associated causes of climate change itself.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

We used the longest time series of remote-sensing records---annual composites---on SST (1980--2014), CHL (1979--2014), and marine currents (1980--2014) available to provide finest-scale measurements of the impacts of climate change on the marine environment globally (table S1). We then observed and described these environmental changes within hot spots of marine biodiversity determined from the world distributions of more than 2000 species of seabirds, marine mammals, and fish.

Furthermore, the overall picture of human-related impacts on the marine environment would be incomplete without consideration of industrial fisheries. Using FAO data over the last 60 years, we investigated spatiotemporal variation in fishing captures. FAO is the only institution that maintains and provides long-term global fisheries statistics from the 1950s onward. On the basis of a modeled disaggregation of fish landing information from FAO ([@R26]), finer-scaled, spatially explicit data on fishing captures (with a particular emphasis on EEZ) can be found at [www.seaaroundus.org](http://www.seaaroundus.org). Although these modeled data may provide a better description of the local to regional impacts of human fisheries on marine biodiversity hot spots, here we used the raw data on fish landings from FAO to identify those countries that contribute the most to overall fishing pressure particularly within areas that overlap with marine biodiversity hot spots.

Statistical analysis
--------------------

Pixel basis, least-squares linear regression of annual information from SST, CHL, and the eastern and northern components of water speed was used for deriving the significance of temporal trends (*P* \< 0.05) and its magnitudes (slopes; that is, annual changes in target features) over the past three decades (fig. S1). CHL data were sourced online as annual composites, whereas data on SST and marine currents were obtained on a monthly basis and averaged yearly to generate a linear relationship to extract slopes. This calculation was repeated for every pixel of the globe. These magnitudes were combined to obtain our spatially explicit Cumulative Impact Index. Different layers were first resampled following a bilinear interpolation procedure to match the spatial resolution of the coarsest SST product (that is, 1° grid). Absolute values for the slopes of obtained trends (a proxy to the magnitude of environmental changes) were then standardized to the maximum value to make all variables comparable. These relative values \[ranging from 0 (no change) to 1 (maximum recorded change)\] were subsequently added on a pixel basis and standardized again to the maximum value. In this way, we obtained a dimensionless index ranging from 0 (no change) to 1 (maximum change), thereby providing information about spatial heterogeneity in the magnitude of environmental changes and highlighting those marine areas that have undergone the largest changes in their environmental conditions ([Fig. 1](#F1){ref-type="fig"}).

We used information on the global distribution of 2183 species of vertebrates composed of 1729 fish, 124 marine mammals, and 330 seabirds to derive spatially explicit information on species richness (number of species) and to identify hot spots of marine biodiversity. The worldwide distribution of species was sourced online from the International Union for Conservation of Nature (IUCN) ([www.iucnredlist.org/](http://www.iucnredlist.org/)) and BirdLife International ([www.birdlife.org](http://www.birdlife.org)) as ESRI (Environmental Systems Research Institute) supported geodatabases, including spatial information on species-specific occurrences (presence/absence). Occurrence shapefiles were transformed to 0.5° dichotomous grid features, with "1" denoting presence and "0" indicating absences. Obtained grid features for different fish, marine mammal, and seabird species were added to obtain three maps indicating the number of species per group occurring in each pixel. Each map was standardized by the total number of species per group to obtain a relative measure of the spatial distribution of fish, marine mammal, and seabird species richness. These relative values were subsequently added on a pixel basis and standardized again to the maximum value to obtain a dimensionless index ranging from 0 (absence of species) to 1 (maximum species richness), providing information about the spatial heterogeneity in species richness and highlighting hot spots of marine biodiversity without biases toward those groups (for example, fish) with a larger number of species ([Fig. 2](#F2){ref-type="fig"}). We considered hot spots of marine biodiversity to be those marine areas enclosing pixels with values of species richness over the upper 95th percentile, which was a threshold that identified relatively small and compact marine areas of special concern within the main ocean basins (that is, Pacific Ocean, Indian Ocean, and Atlantic Ocean; fig. S3).

Finally, we evaluated changes in landings of fish over the last 60 years to look for temporal trends in the exploitation of marine resources. Further, we identified those countries that have contributed the most to fishing captures in general and at the derived hot spots of marine diversity during the last decade in particular. Long-term information (1950--2013) on marine fishing captures (in metric tons) was sourced from FAO using the FishStatJ software. Captures were restricted to marine fish (1149 species) and grouped per year, country, and MFA (according to FAO categories). Least-squares linear regressions of annual information on fish landing were used for deriving the temporal trend per country and MFA ([Fig. 3](#F3){ref-type="fig"}).
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